Within the factorization-assisted topological-amplitude approach, we studied the 33 charmless B (s) → VV decays, where V stands for a light vector meson. According to the flavor flows, the amplitude of each process can be decomposed into 8 different topologies. In contrast to the conventional flavor diagrammatic approach, we further factorize each topological amplitude into decay constant, form factors and unknown universal parameters. By χ 2 fitting 46 experimental observables, we extracted 10 theoretical parameters with χ 2 per degree of freedom around 2. Using the fitted parameters, we calculated the branching fractions, polarization fractions, CP asymmetries and relative phases between polarization amplitudes of each decay mode. The decay channels dominated by tree diagram have large branching fractions and large longitudinal polarization fraction. The branching fractions and longitudinal polarization fractions of color-suppressed decays become smaller. Current experimental data of large transverse polarization fractions in the penguin dominant decay channels can be explained by only one transverse amplitude of penguin annihilation diagram. Our predictions of those not yet measured channels can be tested in the ongoing LHCb experiment and the Belle-II experiment in future. *
In contrast to B (s) → PP and PV decays, charmless B (s) → VV decays are much more complicated, because more helicity amplitudes will be considered. Due to angular momentum conservation, there are three independent configurations of the final-state spin vectors: a longitudinal component where both resonances are polarized in their direction of motion, and two transverse components with perpendicular and transverse polarizations. For the V − A coupling of the SM, a specific pattern of the three helicity amplitudes is naively expected [18] , such that the longitudinal polarization fraction f L should be close to unity, while the transversal contributions are suppressed by Λ QCD /m B . In 2004, large transverse polarization fractions (around 50%) of B → φ K * have been measured in the experiments. Later on, some other penguin-dominated strangenesschanging decays, such as B → ρK * and B s → φ φ , have also been found with large transverse polarization fractions. These large unexpected transverse polarization fractions have attracted much theoretical attention with several explanations based on the QCDF [19, 20, 21, 22, 23, 24, 25] , PQCD [26, 27, 28] , even on the new physics scenarios [29, 30, 31, 32, 33, 34, 35, 36, 37, 38] . These decays have rich observables, some of which are regarded as good places for testing the SM and searching for possible effects of new physics beyond the SM.
To our knowledge, these decays with two vector meson final states have not been studied in the flavor diagram approach. In this work, we shall explore the charmless two-body non-leptonic B (s) → VV decays, in the newly established FAT approach. The branching fractions, CP asymmetries, as well as the angular distributions will be investigated. The organization of the paper is as follows: In Section 2, we give the definitions for helicity amplitudes, angular variables and polarization observables. The calculation of the B → VV decay amplitudes in FAT framework is briefly reviewed. Section 3 provides the numerical results and the phenomenological discussions. We will summarize work in Section 4.
Framework
We consider a B meson with four-momentum p B decaying into two vector mesons V 1 (m 1 , p 1 , η * ), V 2 (m 2 , p 2 , ε * ), where η * and ε * are the polarization vectors of each final state meson. The decay amplitude can thus be decomposed into three parts,
With definite helicity, we can write the amplitudes as :
In the naive factorization, the helictiy amplitudes A h B→V 1 V 2 are proportional to
If we ignore the m 2 i terms, the above functions can be simplified as
where A BV 1 0 (0), A BV 1 1 (0) and V BV 1 (0) are transition form factors, the definitions of which are given in ref. [8] . It is apparent that the transverse amplitudes A ± are suppressed by a factor m 2 /m B relative to A 0 . Due to the cancelation between the axial vector form factor A 1 and the vector form factor V , we can arrive the relations as
Alternatively, we can also adopt the transversity convention to get:
Then, we have
Any of the two vector mesons in the final sates will decay via strong interaction. They form two decay planes with various decay angles. Thus, for any given B → VV decay, one can define five typical observables corresponding to the branching fraction, two out of the three polarization fractions f L , f , f ⊥ , and two relative phases
Apparently in the naive factorization, f L is expected to be close to unity from eq.(8).
CP symmetry is violated in weak interactions, thus one expects to have different numbers for observables of B → VV decay with those of its CP-conjugate B decay. The CP averaged decay rate and the CP asymmetry are then defined as
where p is the 3-momentum of the final state vector meson in the rest frame of the B meson. Observables f B h and φ B h are also defined as in (13) , and CP averages and asymmetries are calculated by
(h = L, , ⊥) for the polarization fractions and
for the phase observables φ h and ∆φ h . Unless otherwise indicated, for each observable quoted we imply the average of a process and its CP-conjugate one.
For the neutral B meson decays, if f =f , the time-dependent of CP violation is defined through
where ∆m B > 0 is the mass difference of the two neutral B meson mass eigenstates. The definitions of two parameters C h f and S h f are given as:
where the parameters standing for the mixing of neural mesons read
A h f is the decay amplitude of B 0 → f h andĀ h f is the the CP-conjugate one. Obviously, the CP violations in B → VV are much complicated than those of B → PP and B → PV modes. Now, we shall introduce the FAT approach. All of the hadronic B decays are weak decays, which are perturbatively calculable. However, all the initial and final states are hadrons, which involve non-perturbative QCD effects. The factorization of perturbative and non-perturbative QCD is limited to certain power expansion of 1/m b , which give limited accuracy of theoretical precision. The topological diagram approach does not rely on the QCD factorization, but group all the decay amplitudes by different Feynman diagrams according weak interaction. That means only factorization of weak interaction from strong interaction is required. The QCD corrections to each weak decay diagram are extracted from experimental data, including all perturbative or non-perturbative ones. In this case, this approach is a kind of model independent method to deal with hadronic B decays. Among these weak Feynman diagrams, we have four kinds belong to the process induced by tree diagram, which should be the leading contribution shown in Fig.1 . They are denoted as • T , denoting the color-favored tree diagram with external W emission;
• C, denoting the color-suppressed tree diagram with internal W emission;
• E, denoting the W-exchange diagram;
• A, denoting the annihilation diagram.
In the conventional diagrammatic approach, the numerical results of each topology diagram can be fitted directly from the experimental data, by using the SU(3) symmetry. It is well known that the breaking of SU(3) symmetry can reach 20 − 30%, which indicates that the prediction power of conventional diagrammatic approach is limited. For the decay processes dominated by the T -type diagram, such as B → Dπ, the amplitudes can be expressed by the products of transition form factor, decay constant of the emitted meson and the shortdistance dynamics Wilson coefficients [16] , which has been proved in QCDF, PQCD, and SCET. Results of all the three approaches agree with each other and with the experimental data well. Similarly, in our B (s) → VV decays, the T amplitudes of all three polarizations are expressed by
In contrast to the conventional diagrammatic approach, where decay amplitude needs to be fitted from experiments, it is obvious that no free parameter is introduced in the T amplitude. a 1 (µ) = C 2 (µ) + C 1 (µ)/3 is the combination of the effective Wilson coefficients of four-quark operators [39] , where µ = m b /2 = 2.1GeV is the factorization scale. At this scale, a 1 (2.1GeV) = 1.05. The SU(3) breaking effects are automatically kept, by different decay constants and form factors for different processes.
For the color-suppressed tree diagram shown in Fig.1(b) , the nonfactorizable contribution is dominant, thus no factorization formula is given. The decay amplitude and strong phase need to be fitted from experimental data. However, we can still factorize out the corresponding decay constant and form factor to keep the SU (3) breaking effects as an approximation:
Similarly, for the W -exchange diagram shown in Fig.1 (c), we factorize out the meson decay constants to characterize the SU(3) breaking effects. The decay amplitudes for the three polarizations are then written as:
where the amplitude χ E is dimensionless with normalization to f 2 ρ . As for the W-annihilation diagram A shown in Fig.1(d) , its contribution is too small to be considered in the present work. In practice, even if we keep this contribution in our fitting program, we cannot get a stable solution for them, since the experimental precision is not good enough.
There are also QCD-penguin diagrams shown in Fig.2 . Although they are loop diagrams, which should be suppressed comparing with the tree level diagrams, they are enhanced by the large CKM matrix elements and large top quark mass. There are also four types of them: • P, denoting the QCD penguin diagram;
• S, denoting the flavor-singlet QCD-penguin diagram;
• P E , denoting the time-like penguin annihilation diagram;
• P A , denoting the space-like penguin annihilation diagram.
Similar to the color favored tree diagram T , the QCD penguin diagram P has the same V − A structure, which can be proved factorization for all orders of α s expansion. Therefore, we do not need to introduce free parameter for them. The decay amplitudes are again expressed by the products of transition form factor, decay constant of the emitted meson and the short-distance Wilson coefficients:
Similar to the color suppressed tree diagram C, the flavor-singlet QCD penguin diagram S are non-factorizable that expressed by
Similar to the W-annihilation type diagram, the contribution of time-like penguin diagram shown in Fig.2(c) is also negligible, which can not be fitted from the experimental data at the current precision. Lastly, the penguin annihilation diagram (space-like) contributions P A are expressed as:
Now, we have 12 magnitudes and 12 phases to be fitted simultaneously from the the experimental data.
With the fitted parameters, we can predict all other B q → VV (q = u, d, s) decays with branching fractions, polarization fractions, and CP asymmetry paramters.
χ 2 Fitting and Numerical Results
To characterize the flavor SU(3) breaking effects in our calculation, we need input parameters of various meson masses [41] and decay constants that are summarized in Table 1 . Unlike the meson masses, the value of decay constants is not known in experiment, but can be given from theoretical calculation, such as QCD sum rules [46] , Bethe-Salpeter equation [47] , and lattice QCD [48] , and we taken the value from [17] with 5% uncertainty.
For the calculation of color favored tree diagram T and QCD penguin digram P, we also need the input of form factors for B → V transitions. There are many calculations for form factors, such as light-cone sum rules [49] , perturbative QCD approach [50] , lattice QCD [51] etc. The central values we used in this work of the transition form factors at q 2 = 0 are shown in Table 2 . To estimate the theoretical uncertainty of the numerical results in our calculation, we include the uncertainties of all form factors as large as 10%. In fact, they are one of the major sources of theoretical uncertainty in our numerical results, especially for processes dominated by the color favored tree (T ) diagram. Since the final state meson mass is small comparing with the large B meson mass, the q 2 dependence of form factors will be neglected. In fact, the effects of q 2 dependence to numerical results are negligible, which has been indicated in B → PP, PV decays [17] . Table 2 : The transition form factor of B → V at q 2 = 0 
The life time of B mesons are taken from the particle data group [41] , given as
The χ 2 fit for theoretical parameters
Unlike B → D ( * ) M and B → PP(V ) decay modes, the amplitudes of B → VV modes are much complicated, because each decay process has three polarization contributions, which means that the number of parameters will increase threefold. From previous section, we do not introduce any new parameter in color favored tree diagram T and QCD penguin diagram P. For the color-suppressed tree diagram C, the flavor-singlet QCDpenguin diagram S, the W -exchange diagram and QCD-penguin annihilation diagram P A , we have all together
. So many free parameters are difficult to be determined from the limited number of experimental measurements. It will also decrease the prediction power of this FAT approach. As indicated from the QCD factorization approach [24, 25] and the perturbative QCD approach [28] calculations, the color suppressed tree diagram C, W exchange diagram E and the flavor singlet QCD penguin diagram S are dominated by longitudinal polarization contributions. For simplicity, we here drop the negligible transverse contributions of these topological diagrams to set χ C = χ ⊥ C = 0, χ E = χ ⊥ E = 0, and χ S = χ ⊥ S = 0. Therefore, the only transverse polarization amplitudes to be fitted are from the penguin annihilation diagram. According to the power counting of this diagram [20] , the negative helicity amplitude is Chirally enhanced while the positive helicity amplitude is still suppressed (to be neglected). This results in a relation of χ P A ≈ χ ⊥ P A . Thus, there are only 10 universal parameters left, which will be fitted by experimental data.
In the experimental sides, after the first decay modes B → φ K * were measured, more and more observables have been measured, involving the branching fractions, CP asymmetries, polarization fractions, and relative phases of helicity amplitudes. Since some observables are measured with very poor precision, the data with less than 3σ significance will not be used in our fitting program. Then, we have 46 experimental data, involving 18 branching fractions, 20 polarization fractions, 6 relative phases, and 2 direct CP asymmetries.
In the χ 2 fitting, in term of 46 experimental observables x i ± ∆x i and the corresponding theoretical predictions x th i , the χ 2 function can be defined as
With the amplitudes and data, we can extract the 10 parameters by minimizing the χ 2 . The best-fitted values of the parameters are given as: 
Numerical Results and Discussions
For the convenience of later discussion, we shall class 33 decay modes into 5 categories. The first category is T -dominated decays, involving four decay channels, In Table 3 , we list the branching fractions, and the theoretical errors correspond to the uncertainties due to variation of (i) the fitted universal χ values, (ii) the heavy-to-light form factors and (iii) the uncertainty of decay constants. The error of the variation of the CKM matrix elements is negligible. We note that for other observable, we have combined these uncertainties by adding them in quadrature and show the resulting uncertainty, due to to the space limitations in the tables. The decay B → φ φ is absent in our tables, because it is a pure annihilation type process induced only by time-like penguin diagram P E , which contribution is neglected in this work, though its branching fraction is estimated to be at the order of 10 −8 based on PQCD approach [42] . Comparing our predictions with experimental data, one can find that our results can accommodate the data well, within uncertainties from both theoretical and experimental sides. For those decays that have not been measured, our prediction can be tested in the ongoing LHCb experiment and the forthcoming Belle-II experiment.
For the color-suppressed decay mode B 0 → ρ 0 ω, its branching fraction is predicted to be 0.08 × 10 −6 and 0.4 × 10 −6 in QCDF [23] and in PQCD [28] , respectively. However, in this work, we predicted its branching ratio to be 1.48 × 10 −6 , which is about 18 times larger than the result of QCDF. Moreover, in both QCDF and PQCD, the longitudinal fraction is calculated to be about 67%, which is smaller than our prediction (87%).
The measurement of this mode in future will help us to understand the dynamics of this decay mode. For B → ωω, although the experimental data agree quite well with our value, but there exist larger uncertainties in both experimental and theoretical results. So, the precise measurement of B → ωω is necessary, too.
The polarization fractions, as well as relative phases, are shown in Table 4 . One can find that for the first four tree-dominated processes, they fully respect the helicity hierarchy that are dominated by longitudinal polarization. The major theoretical uncertainties here are from the heavy-light form factors and the CKM matrix element |V ub |. On the contrary, for the color suppressed tree diagram (C) dominant decays, their branching fractions become much smaller due to the absence of T -type diagrams. Correspondingly, the largest uncertainties are from the χ C , in particular from the transverse polarizations, which have also been confirmed in QCD factorization [21, 23] . For the three B → ρρ decay modes, the decay amplitudes can be read: The three decay amplitudes make an isospin triangle. For illustration, we list the numerical results of longitudinal polarization for each topological diagram of these decays, 
For the decay B − → ρ − ρ 0 , although the absolute value of the C diagram is suppressed, it can enhance the magnitude of the decay amplitude by 20%. With the larger contribution from C diagram, the large branching fraction of B 0 → ρ 0 ρ 0 is also explained. By including the transverse momenta of inner quarks, the B 0 → ρ 0 ρ 0 has been calculated in perturbative QCD approach in ref. [28] , where they got a rather smaller branching fractions (0.27 × 10 −6 ) and a smaller longitudinal fraction (12%). In fact, there is a large discrepacy between experimental measurements from BaBar and Belle, and the number we quoted in this work is the naive averaged value. So, it is very important to have a refined measurement of the branching fractions and longitudinal by 13%. Considering the life time difference, the large gap between these two branching fractions can be well understood. Since the order of these three branching fractions is about 10 −6 , they should be measurable in the running LHCb experiment.
We now discuss the 14 decay modes dominated by QCD penguin diagrams P. Among these decays, 11
decays induced by b → s transition have branching fractions up to 10 −5 due to large CKM matrix elements |V tb V * ts |. Some of them have been measured precisely in the experiments, including branching fractions, polarization fractions, and even CP asymmetries. The first measured one, and also the most well measured channel is B → φ K * modes that are induced by b → sss transition. In this decay, the magnitudes of QCD penguin diagram P, the flavor-singlet penguin diagram S and the penguin annihilation diagram P A are at the same order magnitude. For illustration, numerical results of each diagram are provided in Table 5 . It is easy to see that the penguin annihilation diagram has a very large transverse polarization contribution. In QCDF [21, 23] , in order to increase the effects of annihilation diagrams, the free parameters ρ A and φ A introduced for the power suppressed penguin annihilation diagram are required to be very large. In the so-called PQCD approach, the large effects of annihilation are arrived, by including the transverse momenta of inner quarks. So, we then conclude that the larger transverse polarizations in B → φ K * arise from the annihilation diagrams. These tree decay modes have an identical amplitude S. Compared with the longitudinal amplitudes, both transverse amplitudes are so small that can be neglected safely, so that the longitudinal polarizations are about 100%. It should be emphasized that the neglected electroweak penguin will enhance the negative helicity amplitudes, and the longitudinal polarization fraction will decrease to 70% [44] . For decays B 0 s → ρ 0 φ and B 0 s → ω 0 φ , they have large branching fractions as they are governed by the larger CKM elements. In fact, because we drop the electroweak contribution away, and the flavor singlet penguins is cancelled, the B 0 s → ρ 0 φ decay is a mode with only color-suppressed tree diagram (C) contribution. While for the B 0 s → ω 0 φ , both C and S contribute, so its branching fraction is larger. Honestly, for this decays, there is another larger uncertainty we have not included here. In this work, we have assumed the ideal mixing, which means that there is no ss component in the ω component. As we mentioned above, B s → φ φ has a large branching fraction, even a small mixing angle will affect the predictions remarkably [45] .
In Table 4 , as we expected, the longitudinal polarization fractions of the tree diagram dominant decays are predicted to be near unity with errors in the (5 − 10)% range. The CP asymmetries in the longitudinal polarizations of these decays are less than 5%, as shown in Table 6 . Although the CP asymmetries of the perpendicular polarizations of these decays shown in Table 6 are large, they are difficult to measure, since their fractions are too small. For the decays controlled by the C diagram, although the longitudinal polarization factions become smaller, they still play the primary roles with large uncertainties. Furthermore, the uncertainties of A 0 CP is large, though some of them can reach 10%. Our theoretical result of f L for the B − → ρ − ρ 0 is a bit larger than the data, but the situation of B 0 → ρ + ρ − is in the opposite direction.
Because each B → VV decay has three polarizations, the possible time-dependent CP violation is complicated, it is very hard to measure them precisely in the experiments. For the Tree-dominant decays, the transverse parts can be neglected, and the measurement of time-dependence CP violation of these decays becomes plausible. In this work, we calculated the C f and S f of the longitudinal parts of B 0 → ρ + ρ − and B 0 → ρ 0 ρ 0 , as shown in Table 7 . Obviously, our results agree with experiment, though there are large uncertainties in both theoretical and experimental sides. Also, we present the numerical results ofB 0
, which may be measured in future, as both modes have large branching fractions and the final states are easy to be identified. Noted that the precise measurement of C L ρρ and S L ρρ will help us to determine the CKM angles α and γ [43] .
We then come to decay modes B → ρK * and B s → K * K * . For the pure-penguin process B − → ρ − K * 0 , which is similar to the decays B → φ K * , the penguin annihilation diagram will give large transverse polarization Table 7 : Prediction of the time-dependent CP Violation(%).
.67 ± 3.02 −6 ± 17 6.80 ± 3.12 −5 ± 13 that for all penguin dominant decays f ≈ f ⊥ , φ ≈ φ ⊥ and ∆φ ≈ ∆φ ⊥ , which indicates that the positive-helicity amplitudes are about zero. In fact, due to the suppression of leading QCD penguins, ρK * final states have also been used to prob electroweak penguin effect [21] , however, this kind of contributions have been neglected in the present work due to not enough experimental data.
As for the last five pure annihilation type decays, they all have two kinds of contributions: the W exchange diagram (E) and the time-like penguin annihilation diagram (P E ). As discussed in previous section, there are not enough experimental data to determine the amplitude of time-like penguin annihilation diagram (P E ). In our fitting, we have to set it to 0. Since all the B s decays in this category are dominated by this P E contribution except B 0 s → ρ 0 ω, due to the small CKM matrix elements in W exchange diagram (E), the branching fractions of these decay modes are not stable in Table 3 with large uncertainties. Only B 0 → K * + K * − decay has a relatively larger CKM matrix elements in the W exchange diagram (E), which makes a relatively larger branching fractions, but still with large uncertainty. And the pure W exchange diagram (E) channel B 0 s → ρ 0 ω also have large uncertainty because of the large error of χ 0 E . Therefore, we conclude that the current experimental data can not help us to make predictions on this kind of decays, but waiting for the running LHCb experiment, Belle-II or other future colliders.
Summary
In the work, we preformed analysis of 33 charmless two-body B (s) → VV decays within the factorizationassisted topological-amplitude approach. In contrast to the charmless B → PP and B → PV decays, more parameters (triple number in principle) are needed to describe the three polarization amplitudes of B (s) → VV decays. However, with the current 46 experimental data, we can only fit 10 universal parameters of them. For the decays with large transverse polarization fractions, such as the penguin diagram contribution dominated decays, we need only one transverse polarization amplitude in penguin annihilation diagram to explain all the polarization data. We calculated many decay modes not yet measured, involving the branching fractions, the polarization fractions, CP violation parameters, as well as relative strong phases. These results will be tested in the LHCb experiment and future Belle-II experiment.
